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Abstract
Using confocal microscopy, onset of the mitochondrial permeability transition (MPT) in individual mitochondria within
living cells can be visualized by the redistribution of the cytosolic fluorophore, calcein, into mitochondria. Simultaneously,
mitochondria release membrane potential-indicating fluorophores like tetramethylrhodamine methylester. The MPT occurs
in several forms of necrotic cell death, including oxidative stress, pH-dependent ischemia/reperfusion injury and Ca2
ionophore toxicity. Cyclosporin A (CsA) and trifluoperazine block the MPT in these models and prevent cell killing, showing
that the MPT is a causative factor in necrotic cell death. During oxidative injury induced by t-butylhydroperoxide, onset of
the MPT is preceded by pyridine nucleotide oxidation, mitochondrial generation of reactive oxygen species, and an increase
of mitochondrial free Ca2, all changes that promote the MPT. During tissue ischemia, acidosis develops. Because of acidotic
pH, anoxic cell death is substantially delayed. However, when pH is restored to normal after reperfusion (reoxygenation at
pH 7.4), cell death occurs rapidly (pH paradox). This killing is caused by pH-dependent onset of the MPT, which is blocked
by reperfusion at acidotic pH or with CsA. In isolated mitochondria, toxicants causing Reye’s syndrome, such as salicylate
and valproate, induce the MPT. Similarly, salicylate induces a CsA-sensitive MPT and killing of cultured hepatocytes. These
in vitro findings suggest that the MPT is the pathophysiological mechanism underlying Reye’s syndrome in vivo. Kroemer
and coworkers proposed that the MPT is a critical event in the progression of apoptotic cell death. Using confocal
microscopy, the MPT can be directly documented during tumor necrosis factor-K induced apoptosis in hepatocytes. CsA
blocks this MPT and prevents apoptosis. The MPT does not occur uniformly during apoptosis. Initially, a small proportion
of mitochondria undergo the MPT, which increases to nearly 100% over 1^3 h. A technique based on fluorescence resonance
energy transfer can selectively reveal mitochondrial depolarization. After nutrient deprivation, a small fraction of
mitochondria spontaneously depolarize and enter an acidic lysosomal compartment, suggesting that the MPT precedes the
normal process of mitochondrial autophagy. A model is proposed in which onset of the MPT to increasing numbers of
mitochondria within a cell leads progressively to autophagy, apoptosis and necrotic cell death. ß 1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction
Cells lose viability in response to hypoxia, ische-
mia, exposure to toxic chemicals, and withdrawal of
growth factors. Cell death in response to these stim-
uli can occur within minutes or take many hours to
develop. Very rapid onset of cell death typically leads
to tissue necrosis. Such necrotic cell death is the con-
sequence of acute disruption of cellular metabolism,
leading to ATP depletion, ion dysregulation, mito-
chondrial and cellular swelling, activation of degra-
dative enzymes, plasma membrane failure and cell
lysis [1]. Acute cytotoxicity causing necrotic cell
death di¡ers from apoptosis or programmed cell
death [2]. Apoptosis takes several hours or more
than a day to develop fully. In apoptosis, metabolism
is not severely impaired, and cells shrink rather than
swell. Indeed, apoptosis often requires the expression
of speci¢c genes. In its purest form, apoptosis repre-
sents a special form of cellular di¡erentiation that
leads to the orderly resorption of unneeded or un-
wanted cells. Apoptosis occurs frequently during em-
bryonic development and is essential in the forma-
tion and sculpting of body parts [3].
In contrast to apoptosis, necrotic cell death rarely
serves the needs of the organism. In highly aerobic
tissues, necrosis is the invariant consequence of pro-
longed tissue ischemia. In tissues like heart and brain
that do not regenerate, necrosis leads to permanent
functional de¢cit. In contrast to apoptosis, which
involves execution of a pre-programmed sequence
of cellular events, necrotic cell killing is unpro-
grammed or accidental cell death. Necrotic cell death
is the event that precedes and precipitates necrosis,
the latter being a pathologic term referring to degra-
dative tissue changes after cell death. In£ammation
and scar formation are especially prominent after
necrotic cell death but are absent after apoptosis. A
relevant semantic distinction is that apoptosis refers
to a process leading to cell killing whereas necrosis
refers to the consequence of cell death. Recently,
Majno and Joris [4] suggested reviving an old term,
oncosis, meaning swelling injury to describe the pro-
gression of cellular events leading to necrotic cell
death.
2. Mitochondrial permeability transition
An event now recognized to be important in both
necrosis and apoptosis is the mitochondrial perme-
ability transition (MPT). First characterized by
Hunter and Haworth in isolated mitochondria in
the 1970s [5^8], the MPT represents an abrupt in-
crease of permeability of the mitochondrial inner
membrane to solutes of molecular mass less than
about 1500 Da (reviewed in [9^11]). Ca2, Pi, and
oxidant chemicals promote onset of the MPT, where-
as Mg2, ADP, low pH and high membrane poten-
tial oppose onset. The rapid change of permeability
associated with the MPT causes membrane depolari-
zation, uncoupling of oxidative phosphorylation,
release of intramitochondrial ions and metabolic
intermediates, and large amplitude mitochondrial
swelling.
The mitochondrial permeability transition re-
mained something of a biochemical curiosity until
it was recognized in the late 1980s that the immuno-
suppressive cyclic endecapeptide, cyclosporin A, spe-
ci¢cally blocks onset of the MPT [12,13]. Con¢rming
earlier suspicions ([14]; see also [6^8]), saturable in-
hibition by cyclosporin A implied that a protein
channel or pore in the membrane mediated the
MPT, rather than a non-speci¢c perturbation of the
lipid bilayer. Soon using patch clamping techniques,
a cyclosporin sensitive pore was identi¢ed in mito-
chondrial membranes [15]. This pore transports both
anionic and cationic solutes of molecular mass less
than 1500 Da and is identical to the multiple con-
ductance channel (MCC) characterized earlier
[16,17]. Ca2, Pi, membrane depolarization and oxi-
dation of vicinal thiols in the pore complex all pro-
mote an open conductance state of this permeability
transition pore, whereas Mg2, ADP, acidic matrix
pH and high membrane potential favor the closed
state. Conductance of the permeability transition
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pore is extremely high with typical single channel
currents of about 1 nanoSiemen. This conductance
is much greater than plasma membrane Ca2 and
Na channels, prompting use of the term ‘mitochon-
drial megachannel’ to describe the permeability tran-
sition pore. Zoratti and Szabo [10] estimated that
opening of a single megachannel in a mitochondrion
may be su⁄cient to cause mitochondrial depolariza-
tion and swelling.
The molecular composition of the permeability
transition pore remains uncertain. Halestrap and Da-
vidson [18] proposed that the permeability transition
pore may be comprised in part of the adenine nucleo-
tide translocator (ANT) protein, since speci¢c li-
gands of the ANT, like atractyloside and bongkrekic
acid, modulated onset of the MPT. More recently,
Brustovetsky and Klingenberg [19] reconstituted a
megachannel activity by inserting puri¢ed ANT
into a black lipid bilayer membrane. Other evidence
suggests that the permeability transition pore spans
both the inner and outer membrane, probably at
contact sites between the inner and outer membrane
¢rst described by Hackenbrock [20]. Thus, other pro-
teins from the matrix, outer compartment and outer
membrane are speculated to exist in the pore com-
plex, including cyclophilin (a cyclosporin A-binding
protein in the matrix), creatine kinase (outer com-
partment), porin (outer membrane) and hexokinase
(outer surface of outer membrane) [10,18,21].
3. Protection by cyclosporin A against cellular injury
Soon after the discovery that cyclosporin A was a
speci¢c inhibitor of the MPT, reports began to ap-
pear showing protection by cyclosporin A against
cytotoxicity from oxidative stress, hypoxia/ischemia
and various toxic chemicals [22^32]. These reports
implicated the MPT as the pathophysiological mech-
anism required for cell killing from these diverse in-
juries. However, cyclosporin A has other important
biologic e¡ects. In particular, cyclosporin binds to
cyclophilins, and the cyclosporin A-cyclophilin com-
plex inhibits calcineurin, a protein phosphatase [33].
Calcineurin inhibition blocks T cell activation, which
accounts for the immunosuppressive properties of
cyclosporin A. Both the cyclophilins and calcineurin
are widely distributed, and the possibility remained
that cytoprotection by cyclosporin A was mediated
by e¡ects on calcineurin.
Moreover, the nature of the intracellular environ-
ment would seem to preclude onset of the MPT. Free
Mg2 in the cytosol is about 0.5 mM. Because addi-
tional Mg2 is chelated to ATP, free Mg2 increases
substantially when stresses like hypoxia cause ATP
depletion [34]. Moreover, as ATP falls, ADP in-
creases, and ADP is another inhibitor of the MPT.
Finally, intracellular pH typically decreases in
stressed cells, especially during hypoxia and ischemia
when anaerobic glycolysis is stimulated. Like high
Mg2 and ADP, acidic pH strongly blocks onset of
the MPT. An important question, therefore, was
whether the MPT could actually occur in situ inside
cells in response to various stresses.
4. Visualization of the mitochondrial permeability
transition in living cells
To address this question directly, our laboratory
used laser scanning confocal microscopy, a technique
that creates submicron thin optical slices through
living cells and tissues (reviewed in [35]). Confocal
optical sections exclude light originating from other
planes of focus, allowing unprecedented resolution of
subcellular structures within thick cells and tissues.
The improvement in resolution of confocal micros-
copy over conventional wide ¢eld microscopy is anal-
ogous to the improved resolution of CAT scanning
and magnetic resonance imaging over conventional
X-ray ¢lms.
When cultured cells, like rat hepatocytes or adult
rabbit cardiac myocytes, are incubated at 37‡C with
the acetoxymethyl (AM) ester of calcein, the neutral
ester crosses the plasma membrane. Cytosolic ester-
ases then hydrolyze calcein-AM to the free acid form
whose carboxyl groups trap and retain the £uoro-
phore inside the cytosolic compartment. Calcein dis-
plays bright, green £uorescence that is independent
of physiological changes of pH and Ca2. After cal-
cein loading of hepatocytes and myocytes at 37‡C, its
di¡use £uorescence in confocal images shows the dis-
tribution of the cytosolic compartment (Fig. 1, upper
left). However, within this di¡use £uorescence are
many individual dark round voids of about a micron
in diameter [36,37].
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To identify these voids in the calcein £uorescence,
cells can be loaded with tetramethylrhodamine meth-
ylester (TMRM), a red-£uorescing cationic dye that
accumulates electrophoretically into mitochondria in
response to their highly negative mitochondrial mem-
brane potential [38]. Prior to TMRM addition, no
appreciable red £uorescence arises from calcein-
loaded cells (Fig. 1, upper right). However, after
TMRM addition, virtually every dark round void
in the green calcein image is a TMRM-labeled mito-
chondrion in the red image (Fig. 1, lower panels).
Thus, the dark voids in the calcein images are indi-
vidual mitochondria. The dark voids exist for the
simple reason that the mitochondrial inner mem-
brane is highly impermeable to calcein.
When the permeability transition pore opens, cal-
cein (molecular mass = 623 Da) redistributes from the
cytosol into the mitochondria, causing a decrease of
cytosolic £uorescence intensity and a disappearance
of the mitochondrial voids [36]. In normal aerobic
hepatocytes and myocytes, mitochondria exclude cal-
cein £uorescence inde¢nitely. If the pore were tran-
siently £ickering open, then over the course of an
hour, calcein should equilibrate between the cytosol
and the mitochondria, but this is not observed [36].
Thus, the permeability transition pore remains con-
tinuously closed in these unstressed cells. By contrast
during hypoxia, oxidative stress, and exposure to
calcium ionophore, the permeability transition pore
opens abruptly, causing cytosolic calcein £uorescence
to redistribute into mitochondria [36,39,40]. Simulta-
neously, mitochondrial polarization is lost, as illus-
Fig. 1. Sequential loading of calcein and TMRM into hepatocytes. Cultured rat hepatocytes were ¢rst loaded with calcein-AM (upper
panels). Subsequently, TMRM was added (lower panels). Green-£uorescing calcein loaded exclusively into the cytosol (upper left). Mi-
tochondria were dark voids in the green £uorescence. In cells loaded only with calcein, red £uorescence was negligible (upper left).
After TMRM, mitochondria £uoresced bright red (lower right). TMRM uptake did not change the pattern of calcein £uorescence
(lower left). After Elmore et al. [136].
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trated in Fig. 2 for a hepatocyte during chemical
hypoxia (respiratory inhibition with cyanide).
Although the MPT always causes mitochondrial de-
polarization, not all mitochondrial depolarizations
are caused by the MPT. For example, mitochondrial
depolarization to EAhy926 cells occurs during chem-
ical hypoxia even when cyclosporin A is preventing
cell killing and delaying ATP depletion [41]. Thus,
mitochondrial depolarization in situ should not be
taken as unequivocal evidence for onset of the MPT.
5. The pH paradox of ischemia/reperfusion injury
In virtually all tissues, ischemia leads rapidly to a
decrease of pH, which is due primarily to anaerobic
glycolysis and the hydrolysis of ATP. This naturally
occurring acidosis protects strongly against onset of
cell death in heart, kidney and liver cells [42^45].
However, the recovery of normal pH after reperfu-
sion accelerates cell killing, a phenomenon called the
pH paradox [44,46^54]. When cells and tissues are
reperfused at an acidotic pH (e.g., pH 6.5), cell kill-
ing is prevented. Cell death in the pH paradox is not
oxygen-dependent, since reperfusion at normal pH in
the absence of oxygen causes as much cytotoxicity as
reperfusion in the presence of oxygen.
Cytoprotection by acidotic pH is mediated by in-
tracellular acidi¢cation. Treatments that decrease in-
tracellular pH (pHi) during hypoxia, such as inhib-
ition of the Na/H exchanger with amiloride, delay
onset of cell death, whereas treatments that increase
pHi, such as monensin, accelerate cell killing [44,45].
Similarly in models of ischemia/reperfusion to iso-
Fig. 2. Mitochondrial depolarization and onset of the mitochondrial permeability transition during chemical hypoxia. A cultured rat
hepatocyte was loaded with TMRM and calcein, as described in Fig. 1. Pairs of red (TMRM) and green (calcein) £uorescence images
were collected before and after chemical hypoxia with KCN plus iodoacetate, inhibitors of mitochondrial respiration and glycolysis,
respectively. In the baseline image, calcein labeled the cytosol (right image of each pair), and TMRM labeled mitochondria (left image
of each pair). Round voids in the calcein £uorescence corresponded to TMRM-labeled mitochondria. After 35 min, some TMRM £u-
orescence began to leak from mitochondria into the cytosol. After 45 min, loss of mitochondrial TMRM £uorescence was clearly evi-
dent, and calcein began to enter mitochondria. Subsequently over the next 10 min, mitochondria ¢lled completely with calcein and
lost virtually all TMRM £uorescence. After 57 min, cytosolic calcein was abruptly lost, signifying loss of cell viability. Mitochondria
retained some calcein £uorescence even after cell death. After Zahrebelski et al. [39].
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lated perfused papillary muscles and cultured cardiac
myocytes, hepatocytes, and endothelial cells, treat-
ments that delay recovery of pHi after reperfusion,
such as Na/H exchange inhibitors and Na-free
reperfusion, prevent pH-dependent reperfusion in-
jury. Conversely, accelerated recovery of pHi after
reperfusion induced by monensin hastens cell death
[48^54]. The protective e¡ect of acidotic pHi seems
mediated, in part, by suppression of the activation of
degradative enzymes, such as phospholipases and
proteases, after ATP depletion [55^58].
Cytoprotection by acidic pH seems mediated di-
rectly by hydrogen ions and not through secondary
changes of other ions. Acidic intracellular pH pro-
tects even when intracellular and extracellular Na
concentrations are equilibrated with an ionophore
[45]. Moreover, pH-dependent retention or loss of
cell viability is unrelated to concentrations of intra-
cellular or extracellular free Ca2 [48,49]. Thus, the
pH paradox is directly dependent on intracellular pH
and not on secondary changes of intracellular Na
or Ca2.
6. The mitochondrial permeability transition in
pH-dependent reperfusion injury
Since restoration of pH after reperfusion would
remove the inhibitory e¡ect of acidosis on the per-
meability transition pore, we investigated the hypoth-
esis that onset of the MPT induces the pH paradox
[53]. Initial support for this idea comes from the ob-
servation that cyclosporin A prevents cell killing as-
sociated with the pH paradox after simulated ische-
mia/reperfusion to cultured hepatocytes. Cyclosporin
A exerts its protective e¡ect even when used only
during the reperfusion phase. This implies that cyclo-
sporin A might be therapeutically useful to prevent
lethal reperfusion injury after prolonged tissue ische-
mia.
Fig. 3. Onset of the mitochondrial permeability transition and cell death after simulated ischemia and reperfusion. Cultured rat hepa-
tocytes were loaded with TMRM and calcein and subjected to 4 h of anoxia at pH 7.4 (simulated ischemia). Confocal £uorescence
images were collected at the end of the ischemic period and after 5, 20, and 25 min of washout with oxygenated bu¡er at pH 7.4 (si-
mulated reperfusion). In the upper panels (red £uorescence), note that mitochondrial TMRM £uorescence was lost during ischemia.
Subsequently after reperfusion, mitochondrial TMRM £uorescence recovered within 5 min in both cells in the ¢eld. After 20 min, one
cell lost TMRM £uorescence and went on to lose viability, as indicated by nuclear labeling with propidium iodide (PI) after 25 min
(arrow). The other cell in the ¢eld continued to accumulate TMRM. The lower panels (green £uorescence) show that mitochondria
continued to exclude calcein at the end of ischemia and during the ¢rst 5 min of reperfusion. After 20 min, calcein £uorescence ¢lled
most mitochondria in the cell whose mitochondria lost TMRM £uorescence. This cell went on to lose virtually all intracellular calcein
£uorescence as viability was lost after 25 min of reperfusion. In the cell that did not lose TMRM £uorescence, mitochondria contin-
ued to exclude cytosolic calcein and viability was not lost. After Qian et al. [53].
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More de¢nitive support for the hypothesis that the
MPT underlies pH-dependent reperfusion injury
comes from confocal experiments in cultured hepa-
tocytes. The ATP depletion, reductive stress and
acidosis of ischemia can be simulated by incubating
cells in anoxia at pH 6.2. The recovery of mitochon-
drial respiration and return to normal pH after re-
perfusion are then simulated by reoxygenation at pH
7.4. After this sequence of simulated ischemia and
reperfusion, calcein redistributes from the cytosol
into the mitochondria in many cells following recov-
ery of normal pH, which is direct evidence for onset
of the MPT in situ (Fig. 3). Moreover, in cells show-
ing onset of the MPT, viability is subsequently lost,
whereas viability is retained when the MPT does not
occur. When cells are reperfused with acidotic bu¡er
or with bu¡er containing cyclosporin A, calcein does
not equilibrate between the cytosol and the mito-
chondria, and cell killing does not ensue. Thus, onset
of the MPT is the pathophysiological mechanism
causing pH-dependent reperfusion injury in this
model [53].
7. Promotion of the mitochondrial permeability
transition by pyridine nucleotide oxidation and
oxygen radical formation during oxidative stress
tert-Butylhydroperoxide (t-BuOOH) is a short
chain analog of lipid hydroperoxides that induces
the MPT in isolated mitochondria. t-BuOOH also
causes lethal injury to cells in culture. In rat hepato-
cytes, onset of the MPT, mitochondrial depolariza-
tion and ATP depletion precede onset of t-BuOOH-
induced cell death [29,36]. Tri£uoperazine blocks the
MPT in isolated mitochondria, and protection by
tri£uoperazine against t-BuOOH-induced cytotoxic-
ity suggests a causal link between the MPT and cell
killing. This link is con¢rmed by observations that
tri£uoperazine prevents calcein redistribution into
mitochondria, mitochondrial depolarization and
ATP depletion in hepatocytes exposed t-BuOOH.
Tri£uoperazine cytoprotection is speci¢c for MPT-
mediated injury, since tri£uoperazine does not pro-
tect against the cytotoxicity of protonophoric uncou-
plers that also produce mitochondrial depolarization
and ATP depletion but do not induce the MPT [36].
In isolated mitochondria, t-BuOOH induces oxida-
tion of mitochondrial pyridine nucleotides through
the concerted action of glutathione peroxidase, glu-
tathione reductase and pyridine nucleotide transhy-
drogenase [59^61]. Similarly, when t-BuOOH is
added to cultured hepatocytes, oxidation of mito-
chondrial pyridine nucleotides occurs as visualized
directly by UV confocal microscopy of NAD(P)H
auto£uorescence [62]. Oxidation of mitochondrial
pyridine nucleotides is followed closely by generation
of reactive oxygen species (ROS) within mitochon-
dria. Subsequently, onset of the MPT occurs, mito-
chondria depolarize, and hepatocytes lose viability
[62].
L-Hydroxybutyrate reduces mitochondrial
NAD(P) by the L-hydroxybutyrate dehydrogenase
and transhydrogenase reactions [60,63]. The observa-
tion that L-hydroxybutyrate delays t-BuOOH-in-
duced cell killing indicates that mitochondrial pyri-
dine nucleotide oxidation is an important event
initiating cell death. By contrast, lactate, which
causes reduction of cytosolic NAD via the lactate
dehydrogenase reaction, does not protect against t-
BuOOH-induced toxicity ([62]; see also [64]). These
data are consistent with the hypothesis that oxida-
tion of mitochondrial pyridine nucleotides in intact
hepatocytes contributes to onset of the MPT after
oxidative stress, in agreement with observations in
isolated mitochondria [65^67].
Mitochondria produce small amounts of ROS dur-
ing normal metabolism [68], and mitochondrial ROS
generation contributes to cell killing during chemical
hypoxia [69,70]. A major source of mitochondrial
ROS in situ is ubisemiquinone generated in the cy-
tochrome bc1 complex by the Q cycle [70]. After t-
BuOOH, mitochondrial ROS generation increases
15-fold as determined by confocal microscopy from
the conversion of dichloro£uorescin to highly £uores-
cent dichloro£uorescein (Fig. 4) [62]. Most mitochon-
drial ROS production occurs after the initial rapid
oxidation of mitochondrial pyridine nucleotides by t-
BuOOH. Desferal, an inhibitor of iron-catalyzed free
radical formation, and diphenylphenylenediamine
(DPPD), a one-electron donor that terminates free
radical chain reactions, both inhibit ROS formation,
block onset of the MPT and prevent t-BuOOH-in-
duced cell killing. Thus, reactive oxygen species con-
tribute to opening of the permeability transition pore
during oxidative stress with t-BuOOH. One mecha-
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nism of pore opening may be ROS-mediated oxida-
tion of dithiols in the pore complex, as shown by
studies in isolated mitochondria [65,71]. Formation
of mitochondrial ROS also occurs in excitotoxicity to
cortical neurons [72,73], which is consistent with re-
cent reports showing that the MPT mediates excito-
toxic injury to neurons [74^78].
Hepatocellular NAD(P)H oxidation after t-
BuOOH is biphasic [62]. The ¢rst phase occurs with-
in 1^2 min and is associated with metabolism of t-
BuOOH by glutathione peroxidase. The second
phase of more complete of pyridine nucleotide oxi-
dation seems related to ROS generation. Desferal
and DPPD are both antioxidants that block in-
creased ROS formation after t-BuOOH, and both
block the second phase of pyridine nucleotide oxida-
tion after t-BuOOH. Although not an antioxidant,
tri£uoperazine partially inhibits ROS generation
and the late phase of pyridine nucleotide oxidation.
Since the primary e¡ect of tri£uoperazine in isolated
mitochondria is to block onset of the MPT, this ob-
servation suggests that the MPT may itself promote
ROS formation (see [79]). Thus, ROS formation may
be both a cause and a consequence of onset of the
MPT. If true, then the MPT in one mitochondrion
might promote a MPT in other mitochondria. Such
an autocatalytic mechanism could explain the strik-
ing synchrony of depolarization and onset of the
MPT in mitochondria of single hepatocytes after ex-
posure to t-BuOOH [29,36]. Overall, the data indi-
cate that the temporal sequence of pyridine nucleo-
tide oxidation, ROS formation, and onset of the
MPT represents a chain of causation in t-BuOOH-
induced killing of hepatocytes.
8. Role of the MPT in A23187 toxicity
Another example of lethal cell injury involving the
MPT is the cytotoxicity of the Ca2 ionophore
Fig. 4. Mitochondrial formation of reactive oxygen species after exposure of hepatocytes to t-butylhydroperoxide. Cultured rat hepato-
cytes were loaded with non-£uorescent dichloro£uorescin, which reacts with reactive oxygen species to form highly £uorescent dichlo-
ro£uorescein. After collecting a basal image, 100 WM t-BuOOH was added. The £uorescence increase after t-BuOOH shows a mito-
chondrial pattern. Subsequently, the cells swelled and blebbed. As onset of the MPT occurred, £uorescence was released from the
mitochondria. Then, as the cells lost viability, the £uorophore was lost entirely. In the pseudocolored images, £uorescence increases in
the sequence: blue, green, yellow, red. After Nieminen et al. [62].
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A23187. Ca2 has long been proposed to play an
important role in cell injury, and A23187 cytotoxicity
has often been used as a model of Ca2-dependent
injury. In hepatocytes, Br-A23187 (a non-£uorescent
derivative of A23187) produces s 60% killing within
an hour [40,80]. Cell killing is preceded in temporal
sequence by increased mitochondrial free Ca2, mi-
tochondrial depolarization, and movement of calcein
from the cytosol into the mitochondrial space, the
last indicating onset of the MPT (Fig. 3) [40]. Cyclo-
sporin A inhibits onset of the MPT, partially blocks
ATP depletion and prolongs cell viability, but does
not prevent the increase of cytosolic and mitochon-
drial free Ca2. Br-A23187-induced cell killing is the
direct consequence of ATP depletion, since glycolytic
ATP generation supported by fructose in the pres-
ence of oligomycin prevents cell killing but does not
prevent the MPT [40,80]. These data suggest that the
toxicity of Br-A23187 derives from increased mito-
chondrial Ca2, which induces the MPT, ATP deple-
tion and ultimately a bioenergetic cell death. Simi-
larly, mitochondrial free Ca2 increases after
exposure of hepatocytes to t-BuOOH [81]. Moreover,
intracellular Ca2 chelators like BAPTA-AM and
Quin 2-AM prevent Ca2 from increasing after t-
BuOOH and block the ensuing onset of the MPT
and cell death [82]. Thus, increased mitochondria
Ca2 is yet another factor that promotes onset of
the MPT inside intact living cells.
9. Other potential factors promoting onset of the
mitochondrial permeability transition
As described above, pHs 7, pyridine nucleotide
oxidation, ROS formation and increased mitochon-
drial Ca2 are all factors that act synergistically to
induce onset of the MPT in situ in living cells ex-
posed to various stresses. Other factors may also
predispose to onset of the MPT, including gluta-
thione oxidation, mitochondrial depolarization, in-
creased intracellular Pi and accumulation lysophos-
phatides and free fatty acids. In many models of
oxidative stress, the rate and extent of cell killing
correlates with the magnitude of glutathione deple-
tion [83]. Glutathione S-transferases prevent protein
thiol oxidation and cross-linking, events associated
with opening of the mitochondrial permeability
pore and onset of the MPT [65,71]. Thus, mitochon-
drial glutathione may be important to keep the per-
meability transition pore in the closed state. In livers
from alcohol-treated animals, mitochondrial gluta-
thione becomes selectively depleted, which may in-
crease vulnerability to the MPT [84]. Consistent
with that expectation, Kurose et al. [85] recently re-
ported mitochondrial depolarization and onset of the
MPT in hepatocytes in response to alcohol.
Bernardi and coworkers [86] showed that the per-
meability transition pore is a voltage-gated channel.
Negative inside voltages close the pore, whereas de-
polarization produces an open conductance state. In
situ, assessment of the role of mitochondrial depola-
rization in initiating the MPT after various stresses is
di⁄cult, since depolarization is also the invariant
consequence of the MPT. One e¡ect of membrane
potential may be to make onset of the MPT an all
or nothing event. Partial opening of the permeability
transition pore may initiate a positive feedback loop
with partial depolarization leading to more pore
opening, then more depolarization, and ultimately
complete onset of the MPT. However, membrane
depolarization does not itself seem to be a su⁄cient
stimulus for onset of the MPT, since treatment of
hepatocytes with fully uncoupling concentrations of
uncoupler does not lead to immediate onset of the
MPT in situ [36]. Since uncoupler treatment also
causes matrix acidi¢cation and ATP hydrolysis, the
inducing e¡ect of depolarization may be o¡set by the
inhibitory e¡ect of increased H and ADP.
Inorganic phosphate is a strong inducer of the
MPT in isolated mitochondria (see [9^11]). During
ischemia and hypoxia, intracellular Pi concentration
rises markedly as ATP is hydrolyzed, especially in
tissues containing large amounts of creatine phos-
phate, like heart and brain [87]. In cardiac myocytes
where ATP concentration is about 10 mM and crea-
tine phosphate is close to 20 mM, intracellular Pi can
quickly rise to 40 mM during ischemic stress. In cul-
tured rabbit cardiac myocytes, onset of the MPT
appears to occur during chemical hypoxia [88], sim-
ilar to observations in hepatocytes. Although a sharp
rise of intramitochondrial Ca2 precedes this MPT,
elevated intracellular Pi due to ATP and creatine
phosphate hydrolysis may be important to decrease
the threshold for Ca2 induction of the MPT [88].
In many types of cell stress, phospholipases be-
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come activated, and the levels of fatty acids, lyso-
phosphatides and other negatively charged amphi-
pathic molecules increase [89,90]. Such negatively
charged amphipathic molecules lower the threshold
for onset of the MPT. Broekemeier and Pfei¡er [91]
propose that non-polar carboxylic acids intercalate
into the mitochondrial membrane, increasing its sur-
face potential and thereby decreasing the gating po-
tential of the transition pore. Conversely, positively
charged amphiphiles, such as dibucaine and tri£uo-
perazine, decrease surface charge and increase gating
potential, e¡ectively blocking the MPT [92]. Re-
cently, hydrophobic bile acids have been shown to
induce the MPT, which may explain, in part, their
hepatotoxicity [93]. This e¡ect of bile acids may also
be mediated through changes of surface potential.
10. The MPT in Reye-related drug toxicity
Reye’s syndrome is a disease in children character-
ized by high fever, vomiting, fulminant hepatic fail-
ure, encephalopathy, and lethargy progressing to
coma and death after a prodromal viral illness [94^
96]. Biochemical and morphologic evidence impli-
cates a mitochondrial injury in the pathogenesis of
Reye’s syndrome. Brain and liver mitochondria of
Reye’s patients show large amplitude swelling, and
ureagenesis and L-oxidation are suppressed [96,97].
Epidemiological evidence strongly implicates aspirin
in the pathogenesis of Reye’s syndrome [98^100], and
the disease declined substantially after an advisory
by the Surgeon General in 1982 warned against as-
pirin use in children [101]. Although Reye’s syn-
drome has declined, a growing number of Reye-re-
lated illnesses have been identi¢ed in association with
certain drugs and other substances, including unripe
fruit of the ackee tree, Neem (Margosa) oil and the
widely prescribed anticonvulsant, valproic acid [102^
105]. Inherited metabolic disorders involving organic
acid metabolism can also precipitate a Reye-like ill-
ness [106], and a microvesicular steatosis similar to
Reye’s syndrome occurs idiopathically in pregnancy
[107].
Salicylate induces a cyclosporin A-sensitive MPT
in isolated rat liver mitochondria [108]. Although
aspirin was previously reported to induce mitochon-
drial swelling and onset of the MPT [109,110], aspir-
in is not an inducer unless it is ¢rst hydrolyzed to
salicylate. In addition to salicylate, other chemicals
implicated in Reye-related disorders (Neem oil and
adipic, isovaleric, 3-mercaptopropionic, 4-pentenoic,
and valproic acids) cause cyclosporin A-sensitive mi-
tochondrial swelling [108].
Reye-related inducers of the MPT are all carbox-
ylic or dicarboxylic acids with non-polar side chains.
Structurally similar carboxylic acids having polar
side chains do not induce the MPT. Consistent
with this structure-function relationship, Reye-re-
lated chemicals may be acting by intercalating into
mitochondrial membranes, altering their surface
charge and decreasing the gating potential of the
permeability transition pore, as proposed for the hy-
drolysis products of phospholipids ([91]; see above).
Although salicylate weakly uncouples mitochondrial
respiration, membrane depolarization is not the
mechanism by which Reye-related agents induce the
MPT. When the MPT is blocked by Mg2, salicylate
and valproic acid cause only slight decreases of mi-
tochondrial v8. Moreover, in the absence of Mg2,
protonophoric uncoupler at concentrations produc-
ing an equivalent degree of depolarization fails to
induce the MPT [108].
Salicylate also induces the MPT in situ inside cul-
tured hepatocytes, as demonstrated by confocal mi-
croscopy from the redistribution of calcein from the
cytosol into mitochondria [111]. Subsequent to the
MPT, cell viability is lost. Both the MPT and cell
killing induced by salicylate are blocked by cyclo-
sporin A and its non-immunosuppressive analog, 4-
methylvaline cyclosporin. However, even in the pres-
ence of cyclosporin A, salicylate causes partial mito-
chondrial depolarization. This observation is likely
explained by the weak uncoupling e¡ect of salicylate.
Nonetheless, this weak uncoupling fails to cause loss
of cell viability provided that the MPT is blocked.
Taken together, these data indicate that salicylate
cytotoxicity occurs via induction of the MPT.
In isolated mitochondria, induction of the MPT by
salicylate requires Ca2 and does not occur in the
absence of added Ca2 [108]. Similarly, salicylate
toxicity to cultured hepatocytes is Ca2-dependent,
and cells lose viability more rapidly as extracellular
Ca2 concentration increases. Several chemically di-
verse calcium antagonists also decrease salicylate-in-
duced cell killing, an e¡ect associated with decreased
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mitochondrial free Ca2 as determined by confocal
microscopy of the Ca2-indicating £uorophore,
Rhod-2 [111].
Reye’s syndrome and Reye-related drug toxicity
are idiopathic diseases. The vast majority of patients
taking aspirin and valproic acid experience no toxic-
ity. Similarly in isolated mitochondria, salicylate
does not alone induce the MPT. Rather, the presence
of Ca2 is required [108]. Salicylate toxicity to intact
hepatocytes is also strongly dependent on Ca2 [111].
The synergism between Reye-related chemicals and
Ca2 may help explain the idiopathic nature of
Reye’s syndrome. A prodromal viral illness, alone
or in combination with a predisposing metabolic or
other genetic defect, may cause abnormal loading of
mitochondria with Ca2. In such individuals, expo-
sure to salicylate or other Reye-related chemical may
then precipitate onset of the MPT, producing a
Reye-like illness. Similarly, oxidative stress and
high levels of organic acids in certain inherited met-
abolic diseases may predispose individuals to Reye-
related chemical toxicities.
Onset of the MPT would explain many features of
Reye’s syndrome: hypoglycemia, hyperammonemia,
elevation of dicarboxylic and free fatty acids, inhib-
ition of L-oxidation, accumulation of acyl-CoA inter-
mediates, and large amplitude mitochondrial swel-
ling. Most importantly, this pathophysiological
mechanism implies speci¢c therapies for Reye-related
disorders, since cyclosporin A and tri£uoperazine are
drugs already in clinical use that inhibit the MPT
both in isolated mitochondria and in intact cells.
Recently, Beales and McLean [112] showed that cy-
closporin A and tri£uoperazine in combination with
fructose protect in vivo against acetaminophen hep-
atotoxicity to rats. However, cyclosporin A and tri-
£uoperazine have other e¡ects that are undesirable in
critically ill patients. Since the MPT seems involved
not only in Reye’s syndrome but in many other dis-
ease processes, the development of blockers of the
MPT that lack immunosuppression and other un-
wanted biological activities represents an important
new target for drug discovery.
11. Role of MPT in apoptosis
Given the importance of the MPT in necrotic cell
killing and the fundamental di¡erences between the
apoptotic and necrotic forms of cell death, it comes
as a surprise that the MPT is also implicated as a
critical, rate-limiting event in apoptosis. In a cell-free
system combining puri¢ed mitochondria and nuclei,
Kroemer and coworkers in a series of elegant experi-
ments showed that induction of the MPT is su⁄cient
to induce chromatin condensation and internucleoso-
mal DNA fragmentation [113]. Blockade of the MPT
with a variety of agents prevents this nuclear apop-
tosis. These workers also proposed that the anti-
apoptotic proto-oncogene product, bcl-2, inhibits
apoptosis by blocking the MPT, since bcl-2 hyper-
expression blocks the MPT in response to several
inducers [114]. Induction of the MPT leads to mito-
chondrial release of an apoptogenic protease, called
apoptosis-inducing factor (AIF), that causes isolated
nuclei to undergo apoptosis [115]. Independently,
Wang and coworkers [116] showed that mitochon-
drial derived cytochrome c is also a potent inducer
of apoptotic responses in cell-free systems. Cyto-
chrome c resides as a di¡usible electron carrier in
the mitochondrial outer compartment and on the
surface of the mitochondrial inner membrane [117].
At physiological ionic strength, cytochrome c is read-
ily released when mitochondrial swelling breaks the
mitochondrial outer membrane, as occurs after onset
of the MPT.
Other studies, however, fail to corroborate the im-
portance of the MPT in mediating apoptosis. New-
meyer and coworkers [118] showed in situ that
although bcl-2 prevents release of cytochrome c, re-
lease of cytochrome c is not accompanied by mito-
chondrial depolarization, an event that invariably
follows onset of the MPT. Similarly, the Wang group
concludes that cytochrome c release but not the MPT
is necessary for initiation of the apoptotic program
[119].
In the face of this controversy, we applied confocal
microscopy in an e¡ort to visual mitochondrial per-
meability changes directly during the progression of
apoptotic cell death. Primary cultures of rat hepato-
cytes were infected with an adenovirus expressing an
IUB-AA super-repressor to sensitize the cells to apop-
tosis after exposure to tumor necrosis factor-K
(TNFK) [120]. As assessed by calcein redistribution
from the cytosol into the mitochondria and the si-
multaneous loss of TMRM £uorescence, onset of the
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MPT and mitochondrial depolarization began ap-
prox. 8 h after addition of TNFK (Fig. 5) [121].
Initially, the MPT occurred in only a fraction of
the mitochondria, but as each mitochondrion under-
went the MPT, it fully depolarized. Mitochondria in
which the MPT had not yet occurred remained po-
larized. Subsequently after 1^2 more hours, the MPT
had taken place in almost all mitochondria. Nuclear
apoptotic changes then occurred. Cyclosporin A
blocked onset of the MPT and apoptotic cell death
in this model, even when administered up to 8 h after
TNF. However, cyclosporin failed to protect against
apoptosis when it was added after onset of the MPT.
An important observation is that the MPT pro-
gresses relatively slowly from mitochondrion to mi-
tochondrion within a single hepatocyte (Fig. 5). A
time span of 1^3 h exists between ¢rst onset of the
MPT in an individual mitochondrion and onset of
the MPT in the entire mitochondrial population
within a single cell. Thus, for a few hours the hep-
atocytes undergoing apoptosis contain a mixed pop-
ulation of mitochondria, some with the MPT and
others without. This likely explains observations of
cytochrome c release by cells with polarized mito-
chondria [118,119]. The source of cytosolic cyto-
chrome c is not the polarized mitochondria that
can be visualized with £uorophores like rhodamine
123, but rather mitochondria that have already de-
polarized due to onset of the MPT. Indeed, onset of
the MPT in just a fraction of a cell’s mitochondria
may be adequate to release enough cytochrome c,
AIF and other factors to induce apoptosis. In any
case, the imaging data strongly support the conclu-
sion that the MPT is a necessary step for TNFK-
induced apoptosis in hepatocytes.
12. Metabolic consequences of mitochondrial
dysfunction
Experimentally, the importance of mitochondrial
injury in acute cytotoxicity can be assessed by the
ability of glycolytic substrates to rescue cells from
lethal hypoxic and toxic injury. Glycolysis is an al-
ternative ATP source that prevents ATP depletion
after mitochondrial dysfunction and averts cell kill-
ing. For most cells, glucose and endogenous glycogen
are excellent glycolytic substrates that block hypoxic
cell killing. In hepatocytes, glucose is poorly metab-
olized because hexokinase is absent. Fructose is a
much better substrate, and fructose but not glucose
Fig. 5. Onset of the mitochondrial permeability transition dur-
ing apoptosis. Rat hepatocytes expressing IUB-AA were treated
with TNFK and loaded with calcein and TMRM. After 7 h, lit-
tle mitochondrial depolarization (loss of TMRM £uorescence,
right panel) or increased mitochondrial permeability to calcein
(left panel) was evident. Subsequently, onset of the MPT oc-
curred in individual mitochondria over the next 2 h. At 9 h
after TNFK addition, almost all mitochondria had lost TMRM
and ¢lled with calcein. After Bradham et al. [121].
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prevents cell killing after anoxia, cyanide, and oligo-
mycin, the last an inhibitor of mitochondrial ATP
synthase [44,80,122,123]. ATP need not rise to nor-
mal levels for protection to occur, since only a small
percentage of normal ATP is needed to avert cell
killing. Fructose also protects against the cytotoxicity
to hepatocytes of various oxidant chemicals, impli-
cating mitochondria as the target of toxicity [80].
When a toxic chemical causes uncoupling of mito-
chondrial oxidative phosphorylation, then glycolytic
substrates by themselves do not protect against cell
killing. Uncoupling stimulates the oligomycin-sensi-
tive mitochondrial F1F0-ATPase, causing hydrolysis
of glycolytic ATP and loss of protection. Under such
conditions, inhibition of the mitochondrial ATPase
with oligomycin has the paradoxical e¡ect of protect-
ing cells from toxicity, since oligomycin alone is toxic
in the absence of glycolytic substrate [80,123]. But in
the presence of glycolytic substrate, oligomycin pre-
vents cell killing when uncoupling of oxidative phos-
phorylation is the cause. Thus, activation of mito-
chondrial ATPase and consequent ATP depletion
underlies acute cytotoxicity after mitochondrial un-
coupling. Other ionophores can cause cell killing by
the same mechanism. In particular, the acute killing
hepatocytes exposed to A23187 is prevented by fruc-
tose in combination with oligomycin but not by ei-
ther fructose or oligomycin alone [40,80]. As de-
scribed above, the mechanism of uncoupling
induced by A23187 is the MPT.
13. What determines whether apoptosis or necrosis
develops after the mitochondrial permeability
transition?
If the MPT is preceding both necrotic and apop-
totic cell death, what determines whether cell killing
occurs by necrosis or by apoptosis? One proposal is
that ATP may be the switch [124^126]. When ATP is
high, apoptosis can develop, but when ATP is low
necrotic cell death occurs instead. In this context,
onset of the MPT causes mitochondrial uncoupling,
ATP depletion and necrotic cell death provided the
cell is solely dependent on oxidative phosphorylation
for ATP. If glycolysis is a signi¢cant source of ATP,
then ATP production may persist even after the
MPT, allowing cells to progress to apoptosis. Simi-
larly, if the MPT involves only a subpopulation of
mitochondria, as occurs at least initially during
TNFK-induced apoptosis in hepatocytes, then the
remaining normal mitochondria may produce su⁄-
cient ATP to permit the apoptotic program to pro-
ceed. Support for this concept comes in experiments
with Br-A23187. Acute exposure of cultured hepato-
cytes to this Ca2 ionophore causes rapid necrotic
cell death mediated by onset of the MPT. The com-
bination of fructose plus oligomycin prevents this
killing by providing a source of glycolytic ATP, but
onset of the MPT is not blocked. In this model of
Br-A23187 exposure in the presence of fructose plus
oligomycin, nuclear changes indicative of apoptosis
become apparent about 10 h later (T. Qian and J.J.
Lemasters, unpublished observations). Thus, when
the MPT causes acute ATP depletion, necrotic cell
death ensues, but when the MPT occurs without
ATP depletion, apoptosis occurs.
14. Possible role of the MPT in autophagy
Despite renewed interest in the mitochondrial per-
meability transition, the function of the permeability
transition pore in normal physiology remains un-
known. One idea is that pore opening allows mito-
chondria to take up desirable metabolites and purge
themselves of unwanted substances (see [9^11]). For
example, lipid permeable cationic compounds might
accumulate electrophoretically into mitochondria in
response to the highly negative mitochondrial mem-
brane potential. Membrane depolarization by open-
ing of the pore would release these cations. Other
substances, such as glutathione, are not synthesized
by mitochondria, and pore opening might permit
their entry into the matrix space. Opening of the
permeability transition pore might also release mito-
chondrial Ca2, thereby participating in mitochon-
drial Ca2 cycling or Ca2-mediated signaling
[26,127,128]. Against these hypotheses, however, is
the observation that calcein does not equilibrate be-
tween the cytosolic and mitochondrial compartments
for long periods of time in normal hepatocytes and
myocytes in the absence of hypoxia, oxidant chem-
icals or other stress [36,37,129,130]. The permeability
transition pore may also be a conduit for importa-
tion of polypeptides synthesized on cytosolic ribo-
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somes [131]. However, protein import is an ongoing
process that does not cause mitochondrial depolari-
zation or onset of the MPT. Indeed, the permeability
transition pore may have subconductance states that
allow transport of speci¢c ions and other solutes
without causing a non-speci¢c permeability increase
with mitochondrial swelling, depolarization and un-
coupling. Thus, the permeability transition pore may
function physiologically without actually causing a
MPT.
A potential new physiological role of the MPT
relates to the turnover and degradation of mitochon-
dria. In non-proliferating tissues like heart, brain,
liver and kidney, mitochondria turn over with a
half-life of 10^25 days due in large part to a process
called autophagy [132^135]. In autophagy, lamellae
of endoplasmic reticulum wrap around individual
mitochondria. These lamellae fuse to seal o¡ auto-
phagic vacuoles that acidify and coalesce with lyso-
somal vesicles. The overall result is the swift and
orderly degradation of individual mitochondria.
Confocal microscopy can visualize the process of
autophagy of individual mitochondria. Cells such as
cultured rat hepatocytes are ¢rst loaded with Mito-
Tracker green-FM (MTG), which accumulates elec-
trophoretically into polarized mitochondria to be-
come covalently bound to mitochondrial protein.
After excitation with blue light, MTG in mitochon-
dria £uoresces bright green. Subsequently, TMRM is
added, which also accumulates electrophoretically
into mitochondria. TMRM uptake quenches the
green £uorescence of MTG that is excited by blue
light while simultaneously enhancing red £uores-
cence. Mitochondrial depolarization with carbonyl
cyanide m-chlorophenylhydrazone (CCCP) and cya-
nide then causes loss of red TMRM £uorescence, but
green MTG £uorescence recovers since MTG re-
mains covalently bound to mitochondrial proteins.
This reversible quenching of £uorescence from a do-
nor molecule (MTG) and enhanced £uorescence
from an acceptor molecule (TMRM) indicates £uo-
rescence resonance energy transfer (FRET) [136].
In hepatocytes loaded with MTG and TMRM,
occasional individual mitochondria spontaneously
increase their green £uorescence and lose their red
£uorescence. Because MTG labels all mitochondria,
whereas TMRM labels only polarized mitochondria,
mitochondria recovering green £uorescence and los-
ing red £uorescence are spontaneously depolarizing.
In this way, confocal FRET discriminates individual
depolarized mitochondria from a background of
many hundreds of polarized mitochondria. Using
an additional £uorophore to identify acidic lysoso-
mal/endosomal compartments (LysoTracker red),
about two-thirds of the spontaneously depolarizing
mitochondria co-localize to lysosomes. Thus, sponta-
neously depolarizing mitochondria undergo auto-
phagy. Moreover, when autophagy is stimulated
by nutrient deprivation, the number of sponta-
neously depolarizing mitochondria increases 9-fold
[136].
Our working hypothesis is that the MPT is respon-
sible for these depolarizations and, further, that the
MPT signals the initiation of the autophagic process.
One function of autophagy is to remove damaged
organelles. For mitochondria, such damage is man-
ifested by Ca2 loading, ROS generation, decreased
mitochondrial membrane potential, and oxidation of
pyridine nucleotides, glutathione and other redox
components ^ all changes that promote onset of
the MPT. Thus, the changes that signify a need for
autophagic degradation of damaged mitochondria
are the same that induce the MPT.
Autophagy is also important for the removal of
excess organelles as hypertrophy regresses to atro-
phy. In this respect, autophagy has a similar function
in individual cells as apoptosis in whole tissues. As
depicted in Fig. 6, cells may respond in a graded
fashion to the MPT. When the MPT involves only
a few mitochondria, autophagy is stimulated, leading
to lysosomal degradation of the a¡ected mitochon-
dria and removal of the signals stimulating autoph-
agy. When more mitochondria are involved, the
MPT may begin to promote apoptosis, perhaps in
Fig. 6. Stimulation of autophagy, apoptosis and necrosis by in-
ducers of the mitochondrial permeability transition. See text for
details.
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part because the autophagic mechanism becomes in-
adequate to contain pro-apoptotic substances re-
leased from mitochondria undergoing the MPT,
such as cytochrome c and AIF. Finally, when the
MPT involves virtually all mitochondria in a cell,
ATP becomes profoundly depleted because of uncou-
pling of oxidative phosphorylation and accelerated
ATP hydrolysis by the mitochondrial ATPase. This
ATP depletion leads quickly to necrotic cell death.
A role of the MPT in mitochondrial autophagy
has several other implications. In aging, mitochon-
drial mutations accumulate [137]. Similarly in inher-
ited mitochondrial diseases in which both normal
and mutant mitochondrial DNA (mtDNA) are in-
herited from the mother (heteroplasmy), mutant
mtDNA progressively accumulates in disease-ex-
pressing tissues [138]. As hypothesized by DeGrey
[139], the accumulation of abnormal mtDNA may
be the consequence of di¡erential mtDNA degrada-
tion rather than di¡erential mtDNA synthesis. Just
as mitochondria turnover relatively quickly in non-
dividing cells, so too does mtDNA [140]. Indeed,
autophagic degradation of mitochondria with defec-
tive mtDNA may represent a major mechanism pre-
serving the genetic integrity of mtDNA, since DNA
repair mechanisms in mitochondria are poor com-
pared to repair mechanisms for nuclear DNA. If
autophagy is the principal mechanism to eliminate
mitochondria with defective DNA, then the mtDNA
mutations that accumulate in aging and in inherited
mitochondrial disorders may be those that decrease
the probability of mitochondrial autophagy. Further,
if the MPT is the initiator of autophagy, then
mtDNA mutations that decrease the probability of
the MPT will gradually accumulate inside cells. For
example, some mutations in mitochondrial genes en-
coding respiratory chain proteins may have the e¡ect
of decreasing mitochondrial ROS formation and in-
creasing mitochondrial NAD(P)H and GSH levels,
thereby providing a relative protection against onset
of the MPT. Other mutations might inhibit Ca2
uptake or stabilize the mitochondrial membrane po-
tential with the e¡ect of impairing onset of the MPT
and subsequent autophagy. Future experimentation
will be needed to establish the validity of these hy-
potheses.
15. Mitochondrial permeability transition and the
history of science
There are, perhaps, some lessons to be learned
from the scienti¢c history of the MPT. The ¢rst les-
son is how a seemingly minor phenomenon observed
under very arti¢cial conditions can have far reaching
physiological and pathophysiological implications.
This is a comforting lesson to basic scientists who
pursue knowledge for its own sake. Another lesson
is less gratifying. The original idea of a permeability
transition in mitochondria proposed in the 1970s [5^
8] ran counter to the still accepted idea that the mi-
tochondrial inner membrane must remain highly im-
permeable to even the smallest ions for oxidative
phosphorylation to remain coupled. As a conse-
quence, the concept of the MPT was initially greeted
with puzzlement and skepticism. In a very competi-
tive environment, research support was di⁄cult to
¢nd for such a subject, and for most of the 1980s
only a few investigators, notably Douglas Pfei¡er
and Martin Crompton, pursued the question. Indeed
although well aware of the broad implications of the
phenomenon (R.A. Haworth, D.R. Hunter, Ca2-in-
duced transition in mitochondria: a cellular catas-
trophe? Unpublished manuscript (1979)), the discov-
erers of the MPT either moved on to other subjects
or left research entirely. Renewal of interest in the
MPT in the 1990s derived from a combination of
serendipity (discovery that cyclosporin A blocks the
MPT [12,13]), new technologies (patch clamping of
mitochondrial membranes [15^17]) and perhaps a
seminal review [9]. Thus, the most prescient science
is sometimes not immediately recognized and only
belatedly rewarded. As we enter a new decade, the
MPT is no longer dismissed, and evidence continues
to accumulate that the MPT is a critical mechanism
underlying necrotic and apoptotic cell death.
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